Abstract Extended studies of measuring and control systems in activated sludge plants at EAWAG revealed that the measuring devices remain the weakest point in control applications. To overcome this problem, a software package was developed which analyses and evaluates the residuals between a reference measurement and the sensor and collects the information in a database. The underlying monitoring concept is based on a two-step evaluation of the residuals by means of statistical evaluations using control charts with two different sets of criteria. The first step is a warning phase in which hints on probable errors trigger an increase in the monitoring frequency. In the second step, the alarm phase, the error hypothesis has to be validated and should allow immediate and targeted reactions from the operator. This procedure enables an optimized and flexible monitoring effort combined with an increased probability of early detection of systematic measuring errors. Beside the monitoring concept, information about the measuring device, the performed servicing actions and the responsibilities is stored. Statistical values for the quantitative characterization of the measuring system during operation will be given. They are needed to parameterise controllers or to guarantee the accuracy of the instrument in order to allow reliable calculations of effluent tax. In contrast to other concepts, not only is the measuring device examined under standard conditions, but so is the entire measuring chain from the liquid to be analysed to the value stored in the database of the supervisory system. The knowledge of the response time of the measuring system is then required in order to allow a comparison of the corresponding values.
Introduction
Continuously measuring sensors are not simply enhanced lab instruments: they need adapted servicing and in most cases a well-coordinated monitoring concept with clear decisionsupport rules. This paper will try to determine how a continuously measuring analyser or sensor can be monitored and characterized under field measuring conditions, and what additional information may be necessary.
Most monitoring concepts for on-line devices in WWTPs commonly used today are based on comparisons of grab samples with a reference method (Häck et al., 1999 , ATV, 2000 and are applied on a more or less regular basis. In most cases, the criteria are simple boundary conditions, i.e. the differences have to be located within a defined range. This provides an isolated snapshot of the situation, whereas concepts based on a dynamic view using timeseries information will be much more efficient and reliable in detecting a bias. A drift effect, for example, can be identified not only by the error boundaries but much earlier by using time-series information. The operator's dilemma is that he wishes to have a high probability of detecting a bias while minimizing his measuring effort.
The quantitative characterization of measuring systems during operation is still an open question. In our opinion, there is a need for clear and comparable values which should be understandable to the plant staff as well as to specialists. Sophisticated statistical calculations are then excluded. If they are needed, however, they must be translated into linguistic variables which provide clear and easily understandable decision support. Knowledge of the trueness, precision and response time of the measuring system is of major interest for control applications (Rieger et al., 2003) . The first two points can be calculated from the residuals between the reactor concentration measured with grab samples and the on-line device values used in the SCADA (Supervisory Control And Data Acquisition) system, the latter has to be evaluated before a monitoring concept starts.
In addition to the monitoring task, various information is necessary to run the measuring device at an optimum. Beside the statistical and graphical evaluation of the monitoring data, an analysing tool should provide information about the servicing actions. This allows effective error diagnosis and an estimation of the time and costs required for servicing actions. The responsibilities and information concerning the manufacturer and supplier should also be available in the analysing tool.
If the requirements described above are implemented in a software environment, the efficiency of the data analysis is enhanced and the availability of information for the plant operators is increased. The proposed software package is based on an access database and an analysing and evaluation tool under Matlab/Simulink. This non-commercial package can collect and utilize all necessary and relevant data about the observed measuring device.
GEKO -a monitoring software
Our studies indicate that the measurement is still the weakest point in the control chain. Without a good monitoring concept, a control application will never give the best possible and sustainable results. The software developed (GEKO = GEraeteKOntrolle) is designed to satisfy the following requests:
An efficient monitoring concept which helps to minimize the effort required for comparative measurements and to enhance protection against systematic measuring errors (drift, shift and gross errors as well as insufficient calibration The proposed concept (Thomann et al., 2002; Rieger et al., 2001 ) is based on the analysis of reference measurements (normally from the lab) and the corresponding values of the measuring device from the SCADA system taking into account the response time. It deals with two different monitoring levels: the first level is a warning phase in which possible errors are detected. It triggers a servicing action and an increase in the monitoring effort (normally a repeated measurement the next day). The second level or alarm phase indicates an out-of-control situation and triggers a change to manual control or less sophisticated strategies. Figure 1 shows the monitoring concept according to Thomann et al. (2002) and Figure 2 lists the used criteria. Western Electric rules (Montgomery, 1996 ) are applied at the alarm level as criteria for the control chart, whereas more stringent criteria are used for the warning level. The required warning and alarm limits have to be derived from preliminary measurements and are defined as two and three standard deviations respectively. For more information, see Thomann et al. (2002) . The proposed monitoring concept is based on a standard measuring interval (normally five days) which is increased if a warning occurs. As a result, the monitoring effort is low during in-control phases and maximized if a warning is shown. The concept can be applied to all measuring devices if a reliable reference method is available. Examples are on-line analysers and sensors (reference: lab measurements), level measurements (reference: point gauge), laboratory photometers (reference: standard solutions and recovery experiments), balances (reference: standard weights), etc.
Characterization of measuring systems during operation
The monitoring concept can detect systematic errors. It cannot detect random errors unless a value is beyond the warning or alarm limit. However, the limits should then be recalculated. Figure 2 Shewhart control charts with more stringent out-of-control criteria for the warning phase and normally used criteria (Montgomery, 1996) for the alarm phase Figure 1 Monitoring concept for measuring devices (Thomann et al., 2002) . The bold arrow cycle shows the sequence of actions performed if the measuring process is assumed to be in-control
The GEKO software therefore calculates values to quantify the accuracy of the measuring system within in-control periods. Knowledge of the precision can be used to parameterise controllers more effectively, for instance. The response time must be checked in advance because the reactor concentration must be compared with the corresponding value of the measuring system and is also one of the key parameters for controller design (Rieger et al., 2003) .
Response time
The observation of measuring devices as well as control applications requires the knowledge of the response time not only of the analyser but also of the entire measuring system including sample preparation, where this exists. The response time or T 90 is defined in an ISO standard (ISO 15839, 2003) . A study at EAWAG covered various methods for detecting the response time of the entire measuring system depending on the type of analyser.
Uncertainty
No systematic errors (bias or trueness) are allowed if the effluent concentration is being monitored e.g. to calculate an effluent quality tax. For control applications, knowledge of the precision is most important. Both parts of the uncertainty -trueness and precision -should be calculated from measurements during operation and for the complete measuring chain from the measuring site to the SCADA system (taking into account the response time). No values based on repeated measurements of the same sample can therefore be calculated (e.g. precision from repeatability experiments).
In the proposed concept, trueness and precision will be differentiated on the basis of the linear regression of the device values versus the monitoring data. The trueness is given as the resulting slope (b) and offset (a) if the deviation of b and a from 1 and 0 respectively is significant on a 5% significance level using a t-test (Draper and Smith, 1981) . The precision is then given as a 95% prediction interval (or confidence interval for a predicted value) based on the linear regression. If no significant bias (at a 95% significance level) is detected, it is proposed to use only the 95% prediction interval based on the assumption of ideal calibration (b=1, a=0). This will include the uncertainty of the complete measuring chain in one interval. The complete characterization concept with a detailed description and the necessary equations is given in Rieger et al. (submitted) . The calculated uncertainties contain all random and systematic deviations due to device and lab errors, signal transmission, sampling etc. To differentiate between the sources an error propagation must be calculated. For more information, see Thomann (2003) .
Documentation and graphical evaluation
All relevant data from the comparative measurements to the servicing actions will be stored and documented in a MS-ACCESS database, which guarantees a simple data exchange with other programs. It can then be used to derive the weekly effort required for the examined device or to carry out an effective error diagnosis, e.g. to identify the cause of a shift in the time series. Beside the database and the statistical calculations, the monitoring software places special emphasis on diagrams in order to allow fast graphical evaluation of the instrument and quick hints on possible errors. Figure 3 shows all the residuals and servicing actions (vertical lines, description on mouse click) of the device described in the case study.
Case study
A phosphate analyser (Stamolys CA 70 PH, Staiger-Mohilo, now Endress+Hauser Metso AG, Reinach, Switzerland, molybdate-vanadate method) was tested. It was used for monitoring the effluent quality at an EAWAG membrane pilot plant at WWTP Kloten-Opfikon (Switzerland). The pilot plant treats the wastewater of ca. 100 p.e. and is designed to compare three different membrane modules and reduce micropollutants by means of membrane bioreactors (MBR) (Joss et al., submitted) . No probe filtration was necessary since the prefiltered effluent of the MBR was used. The comparative measurements were performed in the plant laboratory using test kits from Dr. Lange (LCK349/350).
Preliminary tests
In a first phase, the analyser was installed and some basic checks -such as repeated measurements of standard solutions and recovery experiments -were carried out in order to obtain a basic calibration and to define the warning and alarm limits of the control chart (Figure 1) . The test showed an extremely high variation of the results. The observation of the calibration factor (Figure 4) , which is set after the auto-calibration procedure, gave a hint as to the source of error. In an evaluation of the measuring chain it became clear that the recipe of the lab-made molybdate reagent (given by the supplier) was wrong, resulting in a slow chemical reaction ( Figure 5 ). Change-over to reagents delivered by the device supplier and implementation of a new calibration curve led to the calibration factors scattering in an acceptable range. A new test with lab-made reagents using a new recipe again yielded fluctuating calibration factors. After these experiences only original reagent powder from the supplier was used. It should be mentioned that a chemical from Hach Figure 4 Calibration factors of the PO 4 -P analyser during operation (via Dr. Bruno Lange GmbH & Co. KG, Düsseldorf, Germany) was supplied instead of the original from the manufacturer, but this seems not to have given the analyser any problems.
For the definition of the response time (T 90 ), it was checked whether the concentration measured within an interval of 15 min is stable and reflects the concentration of the specified standards. The results confirmed that the measuring interval is long enough to completely substitute the solution in the tubes and the analyser. The warning and alarm limits for the control-chart concept were set to 0.4 and 0.6 mg/l respectively on the basis of repeated measurements of standards and wastewater samples.
Monitoring concept
After these preliminary tests and a basic calibration, the monitoring concept was applied by means of the GEKO software package. Figure 6 shows the residuals (analyser -lab values), which were measured between 28 November 2002 and 5 August 2003. In the period between 6 January and 10 February, the tests were carried out with the second recipe and only the calibration factor was observed by measuring standard solutions. Consequently, this period is only shown but is not used for the comparison between real and adapted data. Further systematically lower measurements led to the identification of an unsuitable ascorbic acid reagent causing incomplete reaction (Figure 6 ). Since 11 March 2003, ascorbic acid reagent was made by the EAWAG lab using original chemicals delivered by the supplier. Problems arose due to instabilities of the reagents over time. Tests using EAWAG's own nano-pure water for the solution did not yield any better results. Special emphasis should consequently be given to the age of the chemicals. Since 14 May 2003, the analyser has been operating more or less reliably. The trueness was further improved with a new calibration curve (6 June) based on measured standard solutions. On 27 June, the calibration curve was adapted slightly in order to take the water matrix into account. Since then, the analyser has operated with high accuracy and without significant problems.
In this case study, we did not take full advantage of the flexible monitoring concept. To give an impression of how this concept can shorten the time needed to detect errors and increase the monitoring intervals, the concept is applied to real data with a normal in-control (without a warning) measuring interval of five days. It is normal to have at least one measurement per week on different days, as proposed by the German ATV (ATV, 2000) . After a warning, the interval is reduced to one day according to our monitoring concept. Figure 6 (bottom) shows the real data but with the optimized monitoring effort. Looking at the interval between the start of monitoring (here 10 February 2003) to the time when the analyser gives reliable results ( Figure 6 top: 27 June with real data, bottom: 25 April with the flexible concept) it can be clearly seen that the application of this concept improves the availability of the measuring device. The flexible concept increases the availability of the device by a factor of 1.6. A possible restriction is that drift effects will be smaller with the flexible concept so that the two warnings will not occur due to an overlap of the warning limits. For the analyser described, the monitoring effort was extremely high, with twice-daily measurements on some occasions. The monitoring effort in currently used concepts is set to once per week. Use of a boundary condition of, say, 0.2 mg/l, would greatly increase the time needed to detect the source of error, since only few residuals are outside the limit. The time-optimized control strategy supported by GEKO uses the time-series information and therefore detects systematic errors much earlier.
Characterization of the measuring device
The in-control period since 27 June was used to characterize the measuring device during operation. The trueness can be stated as the result of a linear regression (ISO 8466-1, 1990) with parameters for slope and offset. Tests of linearity and the relationship between the sensor and the reference method have to be performed to check for any significant hints on systematic calibration problems and whether the data available are suitable for the regression.
For the analyser under evaluation, the slope b is 0.996 and the offset a equals x0.01 mg P/l. The deviation of b and a from 1 and 0 is not significant on a 5% significance level and the accuracy is thus stated only as a precision giving a 95% prediction interval for future measurements (Rieger et al., submitted) . Figure 7 shows a very good correspondence between lab and analyser values. The width of the 95% confidence interval for the ideal calibration curve (b=1, a=0) is very narrow with 0.05 mg P/l at a mean value of 1.71 mg P/l. The interval contains all possible calibration curves with a probability of 95%. This means that the ideal calibration fits well with the data. The 95% prediction interval (also known as the 95% confidence interval of a predicted value) is 0.16 mg P/l at a mean lab value of 1.71 mg P/l. A future value should be in this interval with a probability of 95%.
Conclusion
Use of the proposed concepts embedded in a software package allows the plant staff to operate their measuring equipment in an optimal way. The concept permits early detection of drift, shift and outliers as well as poor calibration of the sensor. Since the two-step control chart uses two different criteria, an increased control frequency will only be required if a warning situation is detected. This results in an optimized measuring effort.
In the authors' opinion, the proposed concepts and documentation will greatly increase the accuracy, reliability and acceptance of the measuring device. The knowledge of the trueness and precision of the devices under field conditions will be made available to the plant operators and specialists. On the basis of this information, control strategies can be better adapted to the processes and more sophisticated control concepts will be possible.
The knowledge of the trueness increases the reliability of dynamic process monitoring. This concept allows the continuously measuring sensors to be used for self surveillance (WWTPs in Switzerland, Germany and Austria are monitored with a combination of control measurements carried out by the authorities and a monitoring program run by the plant staff) instead of laborious lab measurements. The benefits of this method include an effluent tax which reflects the overall situation more faithfully thanks to the availability of dynamic data. However, this is still a future scenario, since on-line devices are currently not allowed in the surveillance regulations. The concept proposed here can help to define guidelines for the required accuracy and increase the reliability and therefore the acceptance of continuous measuring devices.
GEKO also provides valuable information for future design and optimization studies. Dynamic simulation studies in particular have to rely on accurate continuously measured data (Langergraber et al., 2003) . It also helps to assess the profitability of complex control concepts. Mean lab value Figure 7 Analyser and lab values for PO 4 -P with a 95% prediction interval (width=0.16 mg P/l at mean lab value of 1.71 mg P/l)
A critical point occurring during the tests on WWTPs was the implementation of the flexible monitoring concept in the daily routine of the plant staff. A next step should be to include the GEKO software in the plant database in order to automate read-out of the on-line data and therefore make its use easier and faster for the staff. The goal is to have an independent stand-alone package which has enough interfaces to connect to different databases. GEKO is currently a non-commercial software package, but it is planned to further develop the concept in cooperation with a software company.
